Using ab initio calculations, we examine the electronic and magnetic properties of partially open (unzipped) zigzag carbon nanotube (CNT) superlattices. It is found that depending on their opening degree, these superlattices can exhibit multiple localized states around the Fermi energy.
I. INTRODUCTION

Low dimensional sp
2 -bonded carbon materials have attracted tremendous attention because of their unique electronic properties and potential applications in nano-scale devices.
1-4
For examples, depending on their diameters and chiralities, carbon nanotubes (CNTs) can be either metallic or semiconducting, and the later ones (e.g., semiconducting zigzag CNTs) are suitable for making nano-scale electronic devices. [3] [4] [5] [6] Graphene nanoribbons (GNRs), which could be regarded as unrolled CNTs, also exhibit unique electronic structures strongly dependent on the orientation of their edges and width. [7] [8] [9] [10] On the other hand, superlattices as well as various quantum structures based on CNTs or GNRs have been the subject of active research in the past decades, and one-dimensional quantum wells and zero-dimensional quantum dots have been shown to form by either CNT-based [11] [12] [13] [14] [15] [16] or GNR-based 17-25 structures.
So far, most studies of CNTs and GNRs have been conducted independently. The experimental realization of GNRs generally relies on standard e-beam (or microscope)
lithography, 26-28 chemical method, 29 or synthetic method. 30 Quite recently, however, several promising methods were developed by using CNTs to fabricate GNRs or CNT-GNR junctions via longitudinal cutting 31-38 such as chemical attack or plasma etching to unzip CNTs. [31] [32] [33] 36, 37 Besides, the side wall of CNTs can be opened longitudinally by intercalation of lithium atoms or transition metal clusters and then ammonia followed by exfoliation.
34,35
More interestingly, the degree of stepwise opening in CNTs can be controlled by the experimental conditions, such as the amount of oxidizing agents, lithium atoms, or transition metal clusters, and partially open (unzipped) CNTs (or CNT-GNR junctions) have been observed in transmission electron microscopy images. 31, 32, [34] [35] [36] [37] These experimental progresses imply that CNTs and GNRs can be combined together with perfect-atomic-interfaces and new superlattices with CNT-GNR junctions can be realized. 31, 32, [34] [35] [36] [37] 
II. COMPUTATIONAL METHODS AND MODELS
We carried out electronic structure calculations using the projector augmented wave (PAW) potentials 44 and the generalized gradient approximation (GGA) with the PerdewBurk-Ernzerhof (PBE) functional 45 implemented in the Vienna Ab initio Simulation Package (VASP). 46 The energy cutoff for a plane wave basis set is 400 eV. Our models are optimized until energies are converged to 10 
III. RESULTS AND DISCUSSION
A zigzag CNT could be either semiconducting or almost metallic at room temperature. 
As in W = 6 case, the energy differences ∆E (eV/cell) between antiferromagnetic (AFM) ground states and nonmagnetic (NM) states are also shown. Table I .
For W = 4, the overall geometric structures change slightly when the cutting length is short. As the cutting length becomes longer, the middle part of the opening is widened to release the compressive stress and lower the total energy, which is similar to partially open armchair CNTs [41] [42] [43] 48 and agrees with experimental observations. CNTs, as listed in Table I .
As an example, Figure 2 shows the electronic properties of NT (13, (Table I) , and the FM is always metallic In addition, we keep the opening degree (L o = 6, W = 6) of the CNT superlattices unchanged, and then increase the total length (L t increases as well) to study the dependence of electronic properties (especially the energy of the localized states) on L t . The results are summarized in Table II . For NT(13, 0, L t )-ONT(6, 6) and NT(15, 0, L t )-ONT (6, 6) superlattices, clearly, the electronic properties (band gaps) are insensitive to the length L t , and the overall band structure around the Fermi level retains the same for different L t (not shown). The energy differences between the AFM state and NM states increase slightly, indicating the AFM ground state becomes a little more stable for longer L t .
Magnetic field B can be applied to change the magnetic (spin) ordering of ZGNRs and partially unzipped armchair CNTs from the AFM configuration to FM configuration.
41,51,52
It has been estimated that the switching B can be as low as 0.03 T at the liquid Helium temperature (4K) for ZGNRs. 52 Similarly, it is expected that a magnetic field can also The Fermi level is set to zero.
superlattice) or near zero (for finite superlattice due to the coupling of the superlattice to electrodes). A sufficiently strong magnetic field B will make the superlattice ferromagnetic and hence metallic (Figure 4a ), which leads to new bands (transport channels) at low energies and a finite conductance near the Fermi level. Therefore, magnetic field B can produce a dramatic change in the conductance of the system, which is quantified by the MR, defined as the relative change of the resistance when a magnetic field is applied. Based on a conventional definition of MR (MR≡ Besides the x and ±y directions, the electric field can also be applied along the tube axis (z direction). Our previous works show that if the electric field is transversely applied across the ZGNRs or partially open armchair CNTs, the occupied and unoccupied edge (localized)
states associated with one spin orientation close their gap, whereas those associated with the other spin orientation widen theirs. 42, 50, 58 Then, the system can be forced into a halfmetallic state by an appropriate applied electric field, resulting in an insulating behavior for one spin and metallic behavior for the other, and hence the conductance of the system becomes spin-polarized. The same idea may be applied to the partially open (15, 0) CNTs in the AFM ground state: with a bias voltage (electric field) along the tube axis (across the zigzag edges of the opening), the conductance of the two different spin states will be changed in different ways, even half-metallicity may be realized at high bias voltage.
IV. SUMMARY
In conclusion, our results obtained from ab initio calculations demonstrate that the superlattices based on partially open zigzag carbon nanotubes have interesting electronic and magnetic properties. The localized states can be formed around the top of perfect CNT parts in such superlattices and the energy gap can be modified by the size of the opening. The width of the opening determines whether the ground state of the system is spin-polarized or not. Interestingly, for the spin-polarized case, the spin states with antiferromagnetic or ferromagnetic ordering can be confined in a certain part of these structures. We also find
that some partially open zigzag CNT superlattices are by themselves giant magnetoresistive devices. Moreover, the band gap as well as the energy of localized states of the superlattices could be tuned by external transverse electric fields, and bias voltages along the tube axis direction may be used to control the conductance of two different spin states. These properties may be useful for future device application in nanoelectronics.
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